INTRODUCTION {#SEC1}
============

The epithelial-mesenchymal transition (EMT) is a highly conserved cellular process that allows the transient conversion of epithelial cells into mesenchymal cells and promotes cell migration during embryonic processes. The TWIST1 protein has been associated with this cellular mechanism and was originally described in the developmental process, as an initiator of the formation of the mesoderm. Indeed, this protein is involved in several biological activities *via* its different functional domains, including the TWIST-box domain ([@B1]), which is highly homologous between different eukaryotic species ([@B2]), and the basic Helix Loop Helix (bHLH) domains, which enable its dimerization with other bHLH partners ([@B3],[@B4]). The TWIST-box domain binds with the runt domain of the RUNX2 protein, and inhibits its transactivation function ([@B2]). In parallel, TWIST1 is able to directly repress the expression of *Runx2*, thus preventing RUNX2 from inducing premature osteoblast differentiation ([@B5],[@B6]).

However, the aberrant activation of the EMT in adult cancer cells contributes to the invasion of carcinoma cells and metastasis ([@B7],[@B8]), and concomitantly, TWIST1 has also been implicated in tumorigenesis ([@B8],[@B9]). In this context, the molecular events triggered by TWIST1 in cancer cells, may be induced through both the TWIST-box domain and the bHLH domain. For example, the TWIST-box domain mediates the formation of a protein complex comprised of TWIST1 and the nuclear factor-kappaB (NF-κB) subunit RELA (p65/NF-κB3), which activates the transcription of the *IL8* gene ([@B10]). The TWIST-box domain also interacts with p53, which antagonizes p53-dependent activity, especially its pro-apoptotic and transcription functions ([@B11]).

Clinically, while the re-expression of TWIST1 in tumors is frequently associated with a poor prognosis in humans, on the one hand ([@B12]), its repression on the other hand decreases the growth of xenografts ([@B15]). Additionally, a decrease in the TWIST1 protein, both in a transgenic mutant Kras lung cancer mouse model and in human lung tumors, restores a senescence program inducing the loss of a neoplastic phenotype ([@B16]). Similarly, such a phenomenon is observed using a 8-bromo-5-hydroxy-7-methoxychrysin treatment ([@B15]). Finally, the decrease in the level of expression of TWIST1 by small interfering RNA (siRNA) was shown to potentiate the effect of arsenic trioxide chemotherapy ([@B17]).

In the present work, we focused on the bHLH domain of a TWIST1 complex, and on its function in the binding of targeted gene promoters. It is well known that TWIST1 is a transcription factor belonging to the bHLH superfamily, which includes TWIST1, TWIST2, E12, E47, HAND1 and HAND2 ([@B3],[@B4]). All of them are highly conserved in organisms from yeasts to humans and are composed of two characteristic domains: a HLH domain and a basic domain ([@B4],[@B18]). The dimerization carried out *via* the HLH domains is a prerequisite for the interaction with E-box sequences occurring *via* basic domains and key residues ([@B3]) (this model is depicted in Figure [2C](#F2){ref-type="fig"} to facilitate its understanding). According to the formed homo- or heterodimer, their transcriptional functions differ. For instance the TWIST1 functions have been largely explored using tethered dimers in several eukaryotic models ([@B19]). A previous study focusing on the characterization of different prometastatic forms of TWIST1 demonstrated the predominant role of the TWIST1/E2A (E12 or E47, two alternative splicing products of the TCF3 gene) heterodimer in prostate cancer ([@B22]). Furthermore, the phosphorylation of TWIST1 at the level of the threonine T121 and the serine S123 residues may enhance the metastatic potential of the TWIST1/E12 (TE) complex ([@B22]).

A comprehensive classification of these transcription factors has been established according to their tissue distribution, dimerization capabilities (homodimer or heterodimer), and binding specificities to various E-box sequences ([@B23]). Since bHLH proteins can form both homo- and heterodimers, they can be further classified into two groups based on their binding preferences with numerous canonical core recognition E-box sequences (CANNTG), namely CACCTG or CAGCTG (group A) and CACGTG or CATGTG (group B) ([@B23]). When a bHLH dimer binds to an E-box sequence, the first monomer binds to the forward half-site, while the second monomer binds to the reverse complementary half-site ([@B24]). Each monomer, thereby, contributes to making its binding to a particular E-box sequence highly specific, presumably by preferring particular half-sites. For the TE complex, the half-site preferences are the CAT sequence for TWIST1, and the CAT, CAC and CAG sequences for E12 ([@B24]). These differences in the composition of the E-box sequences largely modulate the *in vivo* function of cellular transactivation by closely related transcription factors ([@B24]) (for brief review see Figure [1A](#F1){ref-type="fig"}). Recently, Chang demonstrated that a secondary organization might greatly modulate the transactivation function of the bHLH domain ([@B27]). The TE complex can dimerize to form a tetramer able to recognize specific double E-box motifs and, in doing so, is able to align two TE complexes on the consecutive DNA grooves, providing a highly stable, bound tetramer ([@B27]). Nevertheless, little is known about the molecular characterization of the canonical core recognition of E-box sequences (CANNTG) by the TE complex ([@B23]).

![Description of various E-box sequences and the *in vitro* experiments. (**A**) Presentation of the different E-box sequences selected in the present study, with the localization of base substitutions and the sequences of the two half-sites. Top, representation of the E-box sequence, with the adjacent bases ((-1) and (-1\*)) in blue, conserved bases in green the E-box and the variable bases in pink. The origin of these boxes along with the previous *in vitro* biochemical findings that prompted the choice of these specific E-box sequences are also reported in the table. The E-box sequences are highlighted in blue in the table. (**B**) Schematic representation of the different protein constructs used in our study. (i) The cDNA of the tethered TE complex is composed of 896 amino acids and its size is ∼99 kDa. It contains a FLAG-tag at the N-terminal position, TWIST1 cDNA, an amino acid linker and E12 cDNA. (ii) The ∼49 kDa cDNA of the tethered TT complex is composed of 443 amino acids, and includes a FLAG-tag at the N-terminal position, TWIST1 cDNA, an amino acid linker and TWIST1 cDNA. (iii) The cDNA of the E12 protein includes a MYC-tag at the N-terminal position, and the final ∼73 kDa construct is composed of 666 amino acids. (**C**) Schematic diagram briefly summarizing the Streptavidin/Biotin assay using the TWIST1 antibody. Briefly, in step 1, cells were transfected with a plasmid to produce large amounts of the TWIST1/E12 complex. In step 2, total proteins were extracted. In step 3, proteins were incubated with E-box probes. In step 4, TWIST1/E12 complexes bound to E-box probes were isolated by immunoprecipitation in a Streptavidin/Biotin assay using biotin-labelled E-box probes. In step 5, the protein complexes bound to E-box sequences were visualized by Western blot analysis and the TWIST1/E12 signal was detected using the TWIST1 antibody. A detailed description of these steps is reported in the Materials and Methods section.](gkw334fig1){#F1}

The use of molecular dynamics (MD) simulations previously enabled us to study the *in silico* impact of TWIST1 alterations (insertion or single base mutations) on the binding of the TE complex to DNA ([@B28],[@B29]). This approach provided a structural explanation for the loss of function associated with haplo-insufficiency of TWIST1 observed in patients suffering from Saethre-Chotzen syndrome (SCS) ([@B30]). In the present study, the molecular mechanisms underlying the recognition of the E-box by the TE heterodimer and their stabilization on DNA were investigated using the previously published dimer, initially generated by homology with the murine NEUROD1/E47 crystal structure ([@B28],[@B35]). We generated various *in silico* models of the TE complex bound to putative functional E-box sequences of targeted gene promoters in order to verify the specificity of the binding domains during MD simulations. Consequently we assumed that a positive outcome of our approach, combining *in silico* models with *in vitro* assays, may result in the dynamic 3D visualization of a novel predictive model for the identification of specific and functional E-box sequences by the TE complex. This could be used in the future for developing and testing pharmacological TWIST1/E2A blocking molecules by *in silico* docking prior to *in vitro* or *in vivo* studies. Such therapeutic strategies may prove to be invaluable for restoring the pro-senescence and apoptosis responses ([@B9],[@B36]). Furthermore, identification of a specific interaction between the TWIST1/E2A complex and a distinct E-box sequence, could lead to the determination of a putative pro-oncogenic signature.

MATERIALS AND METHODS {#SEC2}
=====================

*In silico* study: generation of putative functional models of the TE complex binding to E-box sequences {#SEC2-1}
--------------------------------------------------------------------------------------------------------

### Selection of X-ray structure and in silico model building {#SEC2-1-1}

The conserved TE dimer model used throughout this study was generated previously ([@B28]). Briefly, sequences of human TWIST1 (Q15672), E12 (P15923-1), NEUROD1 (Q13562) and E47 (P15923-2) were downloaded from the UniProtKB/Swiss-Prot website. Primary sequences, restricted to the bHLH domains, were aligned using the ClustalW 2.0 software ([@B40]). In their bHLH domains, human E12 and TWIST1 share 85% and 48% homology with the murine E47 and NEUROD1 sequences, respectively. The X-ray structures of the mouse NEUROD1/E47 complex (PDB code 2ql2) were downloaded from the RCSB protein data bank ([@B35]). Two X-ray structures of the mouse NEUROD1/E47 were reported, namely the 2ql2A/2ql2B and the 2ql2C/2ql2D ([@B35]), which diverge slightly (root-mean-square deviation evaluated at 0.618 Å) and contain a well-known E-box sequence named the TE-box (5′-TAGGC[CATCTG]{.ul}GTCCT-3′). Taking into account the degree of homology between residues in the sequences, *in silico* models of the conserved TE complex (TE-model) were generated by homology to the 2ql2A/2ql2B structure ([@B28]).

The molecular interactions of this TE dimer with several different E-box sequences were then assessed. E-box sequence modifications (or flanking base substitutions) were based on studies evaluating the specificity of the interactions between the canonical 5′-CANNTG-3′ E-box sequences and bHLH transcription factors ([@B20],[@B24],[@B41],[@B42]) (Figure [1A](#F1){ref-type="fig"}). All the DNA base substitutions were carried out in the initial TE-box using the mutation function of the Sybyl-X 1.1 software package. The resulting *in silico* models studied herein were, therefore, the TE complex bound either to an inactive BMID-box (degenerate sequence with low affinity for TWIST1 complexes), or to various active sequences, namely the initial TE-box, a BMI-box, an E12-box, a TWIST-box and a D-box, or to sequences displaying modifications in their flanking bases, such as the TA-box and the AT-box (Figure [1A](#F1){ref-type="fig"}).

### Molecular dynamics simulations {#SEC2-1-2}

Prior to conducting molecular dynamics (MD) simulations, which have been described previously ([@B28]), minimization of all of the *in silico* models was carried out using the Sybyl-X 1.1 software package, elaborated by the Tripos Company. The software parameters included a force field using Gasteiger--Marsilli partial charges with a cut off set at 12 Å, and a dielectric constant of 80 to simulate an implicit water phase (the dielectric constant of water being 20.10 at 20°C). No restraints were applied to the *in silico* models. The established homology model (including DNA sequences) was visualized *via* the VMD1.9.1 software ([@B43]). The resulting model was inserted into a parapipedic TIP3P solvent box using the 'add solvation box' module of the VMD 1.9.1 software. A distance of 15 Å was set between the surface of the proteins and the limit of the solvent box ([@B44]). For each structure a 10 ns MD simulation was computed using the NaMD software and CHARMM 27 as a force field. The state of equilibrium was reached after approximately 30 ps for all of the models studied.

### Analysis of the stability of interactions during MD simulations {#SEC2-1-3}

Among the interactions occurring between residue-residue and residue-base, we focused our investigation on hydrophobic and hydrogen bond (H-bond) interactions established between donor and acceptor groups. In the first place, hydrophobic interactions are mainly due to the tendency of nonpolar residues to aggregate in aqueous solutions and repulse water molecules. These interactions contribute to the folding of the protein and to the stabilization of the macromolecule. Residues such as alanine, valine, leucine, isoleucine, phenylalanine, tryptophan and methionine can cluster and form hydrophobic interactions. Here, we observed the presence of numerous leucine and phenylalanine residues in the vicinity of the heart of the TE complex. During the MD simulations, the distances in angstrom (Å) between pairs of residues were measured and plotted as a function of time (represented by a frame number: 1 frame per 10 ps). The distances between hydrophobic interactions were represented *via* GraphPad Prism 5: 'smooth, differentiate or integrate curve, with eight neighbours'. In the second place, the H-bond interaction is an intermolecular force involving a hydrogen atom and an electronegative atoms such as oxygen or nitrogen. H-bonds can be established between donor atoms (arginine, lysine and tryptophan) and acceptor atoms (aspartic acid, glutamic acid) of side chain residues. We studied the residue-residue or residue-base interactions, which are established between atoms (O−H...:N; O−H...:O; N−H...:N; N−H...:O). Again, the lengths of H-bond interactions were represented *via* GraphPad Prism 5: 'smooth, differentiate or integrate curve, with eight neighbours'. These lengths have previously been estimated around 2-2.8 Å depending on the nature of the atoms ([@B45]). Using a computer software, we set an arbitrary threshold at 2.1 Å and made the following hypothesis: any interaction occurring under this threshold was deemed 'true' and assigned a score of 1, whereas any interaction occurring above this threshold was deemed 'false' and given a score of 0 (SI function: SI(test_logic; value_if_true;value_if_false) with logic test:'\<2.10', value of 1 attributed if true and 0 if false; NB.SI function: NB.SI(range;criterion)). The scores were reckoned and the value obtained was designated as the rate of occupancy of H-bond interactions. Thus, for a given H-bond, the higher the rate of occupancy, the greater the number of interactions occurring under 2.10 Å, the higher the level of stability of that H-bond during the MD simulation. All calculations were carried using Excel.

*In vitro* study: binding of the TE complex to the E-box sequences {#SEC2-2}
------------------------------------------------------------------

### Vector constructs {#SEC2-2-1}

The pBABE-neo expression vector was donated by H. Land & J. Morgenstern & B. Weinberg (Addgene plasmid \# 1767). The cDNA of the tethered TE complex composed of 896 amino acids, including a FLAG-tag at the N-terminal position, TWIST1 cDNA, an amino acid linker and E12 cDNA, was cloned into the pBABE-neo expression vector ([@B21]). This construct of the ectopic TE protein is approximately 99 kDa in size. The final construct was named the FLAG-TWIST1/E12 pBABE-neo expression vector (TE pBABE; Figure [1Bi](#F1){ref-type="fig"}).

The cDNA of the tethered TT complex consists of 445 amino acids, including a FLAG-tag at the N-terminal position, TWIST1 cDNA, an amino acid linker and TWIST1 cDNA, was cloned into the pBABE-neo expression vector ([@B21]). The final construct (∼49 kDa in size) was named the FLAG-TWIST1/TWIST1 pBABE-neo expression vector (TT pBABE; Figure [1Bii](#F1){ref-type="fig"}). Finally, the cDNA of the E12 protein ([@B18]) was cloned into the pBABE-neo expression vector. The ectopic E12 protein includes a MYC-tag at the N-terminal position, and the final construct is composed of 666 amino acids with a size of 73 kDa. This construct was named the MYC-E12 pBABE-neo expression vector (E12 pBABE; Figure [1Biii](#F1){ref-type="fig"}). The ectopic E12 homodimer has a size of 147 kDa (E12 pBABE).

### Cell culture, transfection and protein extraction {#SEC2-2-2}

Hela cells were transfected in 10 cm in diameter culture dishes at a density of 80-90% using the FuGENE HD Transfection Reagent for 48 h (Promega \#E2311). The transfection reagent contained 19 μg of the empty pBABE-neo expression vector or of the pBABE-neo expression vector (for the FLAG-TWIST1/E12 pBABE vector), as well as 56 μl of FuGENE. Following their transfection, cells were washed with cold PBS (2.7 mM KCl, 1.47 mM KH~2~PO~4~, 0.14 M NaCl, 3.4 mM Na~2~HPO~4~) and lysed in EBC solution (20 mM Tris pH 8.0, 385 mM NaCl, 2 mM EDTA, 3.5% NP40, PIC 1×, PMSF 1×). After incubation on ice for 20 min, lysates were collected by scrubbing the plates, sonicated (6 cycles of 10 s of ultrasound sonication with a 20 s gap between each cycle) and centrifuged for 20 min at 15 000 rpm at 4°C. The supernatant was collected and the total protein content was quantified using the Bio-Rad Protein Assay (\#500-0001).

### Streptavidin/Biotin binding assays {#SEC2-2-3}

The Streptavidin/Biotin binding assay was conducted to isolate proteins (the TE complex) bound to specific DNA sequences (E-box sequences). To do so, total cellular proteins (extracted from cells transfected with the TE pBABE construct or with the empty pBABE control) were incubated with biotin-coupled DNA sequences, and the DNA bound TE complex was then purified by immunoprecipitation (IP) *via* the recognition of biotin by Streptavidin beads. Hence, this approach decreased the risk of isolating non-specifically bound proteins. Briefly, both strands of DNA probes corresponding to various E-box sequences were labelled in their 3′ extremity with biotin. The probes used were: the inactive BMID-box (5′-CGTAGGC[TGGTGT]{.ul}GTCCTCG-3′), the active TE-box (5′-CGTAGGC[CATCTG]{.ul}GTCCTCG-3′), the BMI-box (5′-CGTAGGC[CAAGTG]{.ul}GTCCTCG-3′), the E12-box (5′-CGTAGGC[CACCTG]{.ul}GTCCTCG-3′), the TWIST-box (5′-CGTAGGC[CATATG]{.ul}GTCCTCG-3′), the D-box (5′-CGTAGGC[CGTCTG]{.ul}GTCCTCG-3′), the TA-box (5′-CGTAGGT[CATCTG]{.ul}ATCCTCG-3′) and the AT-box (5′-CGTAGGA[CATCTG]{.ul}TTCCTCG-3′). For probe hybridization, an initial denaturing step at 95°C for 5 min was followed by a hybridization step for 10 min at the specific hybridizing temperature of each probe. Probe hybridizations were then confirmed on 3% agarose gels.

The binding between the DNA hybridized probes (3 μg) and the TE complex (80 μg) was carried out in binding buffer (100 mM KCl, 2% glycerol, 20 mM Hepes, 1 mM dithiothreitol and 0.1 mg/ml BSA) for 1 h at 30°C. Biotinylated DNA probes bound to the TE complex were purified using DynaBeads^®^ M-280 Streptavidin (Invitrogen \#11205D). Coupled Streptavidin DynaBeads® bound to the DNA/TE complex were run on a 12% SDS-polyacrylamide gel using a migration buffer (Tris glycine- SDS 1X) at 80 V for 10 min in the stacking gel, followed by the migration phase at 100 V for 120 min. The liquid transfer onto a PVDF membrane was conducted using a transfer buffer (Tris glycine 1× and 20% ethanol) at 200 mA for 60 min. The membrane was then saturated with 5% Tris-buffered saline (TBS) containing 0.05% Tween and 0.5% milk for 45 min, and incubated with the mouse monoclonal TWIST1 antibody (abcam \#ab50887) as a primary antibody, and a polyclonal rabbit anti-mouse immunoglobulin conjugated with horseradish peroxidase as the secondary antibody (Dako \#P0260). Figures [11B](#F11){ref-type="fig"} and [11C](#F11){ref-type="fig"}, the membrane was incubated with the rabbit polyclonal antibody E2A (V-18) as a primary antibody (Santacruz \#sc-349), and a polyclonal goat anti-rabbit immunoglobulin conjugated with horseradish peroxidase as the secondary antibody (Dako \#P0448). The detection was performed by Western blot analysis using the Luminol Reagent (Santa Cruz \#sc-2048). The major steps of this *in vitro* transfection and Streptavidin/Biotin procedure are summarized in a schematic diagram (Figure [1C](#F1){ref-type="fig"}).

RESULTS {#SEC3}
=======

To characterize the molecular mechanisms underlying the binding and recognition of the E-box sequences (Figure [1A](#F1){ref-type="fig"}) by the previously generated TWIST1/E12 (TE) complex ([@B28]), we submitted all *in silico* models to 10 ns molecular dynamics (MD) simulations. The resulting binding configuration clearly showed the localization of the TE-box sequence (5′-CATCTG-3′) in the DNA groove, between the basic domains of the TWIST1 and E12 proteins (Figure [2A](#F2){ref-type="fig"} and [2C](#F2){ref-type="fig"}). The positions of the consensus and variable bases of the E-box in the DNA groove were also represented (Figure [2Bi](#F2){ref-type="fig"}). The proximal flanking bases (called adjacent bases) of the E-box are represented in yellow and blue (Figure [2Bii](#F2){ref-type="fig"}). The basic domains of TWIST1 and E12 proteins are represented in solid grey and green, respectively. To explore the interactions between the TE-complex and the various E-box sequences, we differentiated: (i) the 'non-specific' H-bonds (Figure [2Di](#F2){ref-type="fig"}), established between oxygen elements on the phosphate groups of the DNA bases and an atom of the side chain of the TWIST1 or E12 residues, from (ii) the 'specific' H-bonds established between atoms on the purine and pyrimidine nucleobases of the DNA and an atom of the side chain of TWIST1 or E12 residues (Figure [2Dii](#F2){ref-type="fig"}).

![Description of several canonical recognition cores of E-box sequences (CANNTG) and basic domains of the TE complex. (**A-D**) The position of important TWIST1/E12 amino acid residues and E-box bases were visualized with the VMD 1.9.1 software. Different views are shown for a better understanding and interpretation of the findings. (**A-C**) 3D representation of the conserved TWIST1 (T1; grey ribbon)/E12 (green ribbon) complex bound to DNA (light white ribbon) along with the TE-box sequence (CATCTG). The residues are numbered in each strand of the 5′-CATCTG-3′ E-box core. The complementary bases of the opposite strand are highlighted with a star. (**A**) Representation of the TWIST1 half-site (5′-CAT-3′ highlighted in orange) and the E12 half-site (5′-CAG-3′ highlighted in magenta). (**B**) (i) Representation of the variable bases and consensus bases highlighted in pink and green, respectively. (ii) Representation of the flanking bases ((≥-2) or (≥-2\*)) and proximal flanking bases ((-1) or (-1\*)) of E-box shown in yellow and in cyan, respectively. (**C**) 3D *in silico* visualization and ClustalW alignment of the basic domains of the TE complex. The underlined residues are able to establish H-bond interactions with DNA and/or other TE residues. The 3D visualization shows the basic TWIST1 and E12 domains in solid grey and green, respectively. The CPK representation highlights the TE residues able to establish H-bonds with DNA. (**D**) *In silico* model of 'specific' or 'non-specific' H-bonds established between TWIST1 and the DNA sequence. (i) The H-bonds are considered as 'non-specific' when the lateral chain residues interact with atoms on the phosphate group. In contrast, (ii) the H-bonds are considered as 'specific', when the lateral chain residues interact with atoms on the purine or pyrimidine nucleobases. The composition of the atoms varies according to the nucleobase and the number of rings.](gkw334fig2){#F2}

Comparison of the TE complex bound to both active (TE-box, BMI-box) and inactive (BMID-box) E-box sequences {#SEC3-1}
-----------------------------------------------------------------------------------------------------------

To determine whether our *in silico* approach was able to predict modifications in the binding of the TE complex to DNA, we studied the binding of the dimer to two active E-box sequences, namely the TE- and BMI-boxes, and to the inactive BMID-box. Our investigations focused on two major interactions occurring in the heart of the TE complex, which may alter its structure, namely the hydrophobic interactions involved in the dimerization of the protein *via* HLH domains, and the H-bonds established between critical residues. Several leucine (L) and phenylalanine (F) residues close to the heart of the dimer were of particular interest (Figure [3A](#F3){ref-type="fig"} and [3B](#F3){ref-type="fig"}). We studied whether they were involved in dimer cohesion by hydrophobic interactions contributing to the dimerization function. In the first instance, the distances between hydrophobic residues localized at the interface of the TE complex (L124-L592, L149-L592, L131-L592, L124-L589, L149-L572, F128-F569) were determined (Figure [3Ci-Cvi](#F3){ref-type="fig"}). During the MD simulations, L124-L592 and L149-L592 distances were around 2.5 Å, while L131-L592, L149-L572 distances were under 2.3 Å. This strongly indicated that these hydrophobic interactions strongly structured the TE dimer (Figure [3Ci-Civ](#F3){ref-type="fig"}) irrespective of the E-box sequence included in the model. During the MD simulations the residues (L124-L589) moved closer together in the active BMI and TE models compared to the inactive BMID model, with distances between residues (for example the L124 (T1) and L589 (E12) residues) often under 2.2 Å compared to over 2.6 Å, respectively (Figure [3Cv](#F3){ref-type="fig"}). The proximity of these residues may largely contribute to the dimerization and to the stability of the TE dimer bound to these active E-boxes. In the second instance, two phenylalanine residues, namely F128 (T1) and F589 (E12) moved closer together during the BMID MD simulation compared to the TE and BMI MD simulations (Figure [3Cvi](#F3){ref-type="fig"}), inducing a decrease in the level of contact with the E-box bases localized at the heart of the TE complex. The F128 (T1) and F589 (E12) also moved towards adjacent bases of E-box sequences. Among the bHLH proteins, pairs of highly conserved asparagine (N) and lysine (K), namely N125-K145 (T1) and N566-K588 (E12) residues were suspected to contribute directly to the state of conformation of the heart of the TE complex bound to E-box sequences (Figure [3B](#F3){ref-type="fig"} and [3Di-iii](#F3){ref-type="fig"}). The H-bonds established between the K145 and N125 residues of TWIST1 and their K588 and N566 counterparts of E12 were largely disrupted in the BMID simulation compared to BMI and TE simulations (Figure [3Di-iii](#F3){ref-type="fig"}). Taken together, the hydrophobic interactions and H-bond establishments that drive alterations in the structure of the heart of the TE complex, are highly dependent on the E-box sequences used in our *in silico* models. Furthermore, although modifications arising from hydrophobic interactions seem to impede the binding of the dimer to the E-box sequences, H-bonds appear to play an essential role in the anchoring of the dimer to these boxes. We, therefore, investigated the effect of these bonds in the various models more thoroughly.

![Binding of the TE complex to the active TE-box and BMI-box sequences, as well as to the inactive BMID-box sequences. (**A** and **B**) 3D visualization of the localization of the putative hydrophobic bonds in the heart of the TE dimer. TWIST1 and E12 are represented in grey and green ribbons, respectively. The position of important TWIST1/E12 amino acid residues and E-box bases were visualized with the VMD 1.9.1 software. Different views are shown for a better understanding and interpretation of the findings. (**A**) Two phenylalanine residues (F128 of TWIST1 and F569 of E12), represented in solid green and six leucine residues may strongly contribute to the structure of the heart of the TE complex *via* hydrophobic interactions. Pairs of leucine residues named L124-L589, L131-592 and L149-L572 are shown in solid yellow, blue and red colours, respectively. (**B**) Pairs of leucine L124-L589 and phenylalanine residues F128-F569 are represented in solid yellow and green, respectively. The H-bond interactions between asparagine and lysine residues (N125 and K145 of TWIST1 and N566 and K588 of E12) are shown as grey and green CPK representations, respectively. Since the side chain of the lysine has three donors atom (NZ1, NZ2, NZ3), it can make alternatively three H-bonds with the same hydrogen acceptor atom (OD1) of asparagine. This case occurred when we studied the H-bond stability established between N125-K145 and N566-K588. (**C**) Plots representing the distances (Å) between pairs of residues close to the heart of the dimer as a function of time (total time = 10 ns, 1 frame per 10 ps), during the 10 ns MD simulations of the three TE (blue line), BMI (orange line) and BMID (grey line) *in silico* models. These distances were estimated during the MD simulations using the VMD 1.9.1 software (Graph of Labels Bonds). The lengths of H-bond interactions were represented *via* GraphPad Prism 5: 'smooth, differentiate or integrate curve, with eight neighbours'. The pairs of leucine residues studied were (i) L124-L592, (ii) L149-L592, (iii) L131-L592, (iv) L149-L572 and (v) L124-L589, while the pair of phenylalanine residues was (vi) F128-F569. (**D**) Plots representing the shortest distances (Å) between the OD1 atom of asparagine N125 and the NZ1, NZ2 or NZ3 atoms of the lysine K145 residues (i), and between N566 and K588 residues (ii) as a function of time (total time = 10 ns, 1 frame per 10 ps), during the TE (blue line), BMI (orange line) and BMID (grey line) simulations. The distances were estimated as described in Figure [3C](#F3){ref-type="fig"}. (iii) The horizontal bar chart shows the cumulated occupancy values for the H-bond interactions between the N125-K145 residues of TWIST1 (grey) and the N566-K588 residues of E12 (green) during the TE, BMI and BMID MD simulations. The cumulated occupancy values were calculated as described in the Materials and Methods section. Briefly, H-bond interactions are assigned a value according to the distance between their atomic donors/acceptors (interactions score 1 if their distance is under 2.10 Å, and 0 if above). Higher occupancy values being obtained for shorter and, therefore, more stable interactions. (SI function: SI(test_logic; value_if_true;value_if_false) with logic test:'\<2.10', value of 1 if true and 0 if false; NB.SI function: NB.SI(range;criterion)). Calculations were carried using Excel.](gkw334fig3){#F3}

The cumulated rates of occupancy were calculated (as described in the Materials and Methods section), focusing on the 'non-specific' and 'specific' H-bond interactions (Figure [2D](#F2){ref-type="fig"}), in order to evaluate the overall stability of H-bond interactions between the TE complex and DNA during the *in silico* MD simulations. H-bond interactions were predominantly established between the dimer and E-box bases compared to adjacent bases, and these essentially occurred with conserved bases rather than with variable bases of the half-sites of the E-boxes (Figure [4A](#F4){ref-type="fig"}). However, while the cumulated occupancy values of H-bonds established with the different E-box bases were similar, this value was markedly higher between residues and adjacent bases in the BMI (+114%) and BMID (+83%) simulations compared to the TE MD simulations (Figure [4A](#F4){ref-type="fig"}). These findings indicate that there is an increase in H-bond interactions between the dimer and adjacent bases in the modified E-box sequences. Next, since the specificity of E-box recognition is likely due to these specific H-bond interactions, we focused on the specific H-bond binding affinities of the lateral chain residues either of TWIST1 or of E12. Of the H-bonds established between the dimer and E-box bases in the TE-model (Figure [4A](#F4){ref-type="fig"}), the specific H-bonds were principally attributed to TWIST1 residues (Figure [4Bi](#F4){ref-type="fig"}). Interestingly, few specific H-bond interactions were established with the adjacent bases in the TE simulation, indicating that they had a lower impact on the E-box recognition specificity. In contrast, of the elevated specific H-bond interactions observed between the dimer and adjacent bases in the BMI and BMID simulations (Figure [4A](#F4){ref-type="fig"}), the specific H-bond interactions were predominantly related to the E12 residues (Figure [4Bi](#F4){ref-type="fig"}). Furthermore, these specific H-bond interactions mainly occurred with the flanking ((-1) and (-1\*)) bases (Figure [4Bi](#F4){ref-type="fig"} and [ii](#F4){ref-type="fig"}), representing 50% of the total specific H-bond interactions. Specific H-bond interactions were, overall, much lower in the non-functional BMID model than in the BMI MD simulation (Figure [4Bi](#F4){ref-type="fig"}). This suggests that adjacent E-box bases, play an important role in the binding affinity of the TE dimer to less functional E-box sequences, such as the BMI-box. Taken together, our data on the stability of specific H-bond interactions, suggest that the E-box composition largely participates in the selectivity of the TE binding, this may influence the panel of regulatory targeted genes for the various TWIST1 complexes.

![H-bond interactions between the TWIST1/E12 complex and active or inactive E-box sequences. (**A--C**) All cumulated occupancy values of the H-bonds were calculated as described in the Materials and Methods section. Briefly, H-bond interactions are assigned a value according to the distance between their atomic donors/acceptors during the time (the 10 ns of the MD) (interactions score 1 if their distance is under 2.10 Å, and 0 if above). Higher occupancy values being obtained for shorter and, therefore, more stable interactions. (SI function: SI(test_logic; value_if_true;value_if_false) with logic test:'\<2.10', value of 1 if true and 0 if false; NB.SI function: NB.SI(range;criterion)). The calculations were carried out using Excel. (**A**) Top, representation of the E-box sequence, with the forward hal-site and the reverse complementary half-site in orange and pink, respectively. Table showing the rate of cumulated occupancy of H-bonds established between residues and DNA, during MD simulations of the TE complex binding to the active TE and BMI or inactive BMID E-box sequences. We focused on H-bonds established between the TE complex and either adjacent bases or E-box sequences (consensus and variable bases). The percentage of variation of the BMI- and BMID-boxes compared to the TE-box is reported in brackets. (**B**) (i) Bar chart representing the cumulated rate of occupancy of 'specific' H-bonds (as defined in Figure [2D](#F2){ref-type="fig"}) established during MD simulations either between E12 (green stippling) and TWIST1 (grey stippling) and adjacent bases of E-box sequences, or between E12 (solid green) and TWIST1 (solid grey) and E-box bases, in the case of the TE-, BMI- and BMID-box models. (ii) 3D *in silico* model showing the binding of the TE complex to DNA, carried out *via* the VMD 1.9.1 software. The proximal flanking ((-1) and (-1\*)) bases and the first base of each half-site of the E-box are represented in grey and green VDW, respectively. (**C**) Distribution of 'specific' H-bonds established between residues and E-box bases in the (i) TE, (ii) BMI and (iii) BMID molecular dynamics simulations. The pie charts show percentages of the total rate of occupancy of specific H-bonds established during the MD simulation. Consensus bases and variable bases of the E-box sequences are represented in grey and pink, respectively. The bar chart highlights the specific residues binding to Cytosine ((+1) and (+1\*)) bases, and shows their implication in the DNA binding affinity. (**D**) 3D representation of the TE complex within the DNA groove of the TE-, BMI- and BMID-boxes sequences. CPK representation of the glutamic acid E558 and asparagine N554 residues of E12 (shown in green), and the E117 and arginine R118 residues of TWIST1 (shown in grey). The red arrow points to the interactions of the TE complex with E-box sequences according to the DNA substitutions. (i) CPK representation of the Cytosine ((+1), (+1\*) and (+4\*)) and Thymine (+3) bases of the TE-box, (ii) Cytosine ((+1) and (+1\*)) and Guanine (+6\*) of the BMI-box, and (iii) Adenine (+1\*) and Cytosine (+5\*) of the BMID-box.](gkw334fig4){#F4}

Having addressed the importance of the E-box composition in the binding of the dimer, we focused our investigations on the exact mechanisms underlying this binding process. According to the literature ([@B42]), the first conserved Cytosine bases ((+1) and (+1\*)) on each half-site of the E-box are important for the recognition of the E-box by a bHLH complex. Consequently, we studied the distribution of the specific H-bonds established between particular residues of the TE complex (two glutamic acids: E558 and E117, an arginine: R118, and an asparagine: N554) and bases of the E-box sequences (Figure [4Ci](#F4){ref-type="fig"} and Cii for better visualization). Specific H-bond occupancies with the first Cytosine bases ((+1) and (+1\*)) of the half-sites of the E-box sequences represented 65%, 75% and 87% of the total occupancies in the TE, BMI, and BMID MD simulations, respectively (Figure [4Ci](#F4){ref-type="fig"}, [Cii](#F4){ref-type="fig"}, [Ciii](#F4){ref-type="fig"}). Interestingly, in both of the functional TE and BMI MD simulations, specific H-bonds were established between Cytosine (+1) and E558, while this was completely disrupted in the BMID simulation, where the Cytosine (+1) base was replaced by a Thymine. However, the specific H-bond established between base (+1\*) and E117 was conserved in all of the simulations (Figure [4Ci-Ciii](#F4){ref-type="fig"}). Of note, in the TE simulation, numerous additional specific H-bond interactions were established between TE residues and the ((+3) and (+4\*)) variable bases of the E-box sequence (represented in pink, Figure [4Ci](#F4){ref-type="fig"} and [Di](#F4){ref-type="fig"}). In contrast, the H-bond interactions established with central variable bases were completely disrupted in BMI and BMID MD simulations (Figure [4Cii-iii](#F4){ref-type="fig"} and [4Dii-iii](#F4){ref-type="fig"}). Nevertheless, there was a clear shift towards the conserved base (+6\*) in the BMI simulation (Figure [4Cii](#F4){ref-type="fig"}), and a slight shift towards base (+5\*) during the BMID simulation (Figure [4Ciii](#F4){ref-type="fig"} and [4Diii](#F4){ref-type="fig"}). The 3D representations of the position of these H-bond interactions showed the binding of the TE-complex to different areas of the DNA groove (Figure [4Di-Diii](#F4){ref-type="fig"}). During the TE model simulation, these H-bond interactions occurred in four areas and acted as anchors allowing the specific recognition of the E-box sequence (Figure [4Di](#F4){ref-type="fig"}). Specific H-bond interactions with conserved central bases were partially lost, during the BMI and BMID model simulations, with only three (Figure [3Dii](#F3){ref-type="fig"}) and two (Figure [3Diii](#F3){ref-type="fig"}) areas of interactions remaining, respectively, resulting in a less stable anchoring of the dimer. To corroborate these *in silico* findings, we clearly observed *in vitro* that the TE complex was able to bind to the active TE-box and BMI-box sequences (Figure [5](#F5){ref-type="fig"}). Having demonstrated an impaired *in silico* binding during the BMID MD simulations, we expected a similar non-functional binding *in vitro*. As expected, a residual signal was observed with the inactive BMID-box sequence (Figure [5](#F5){ref-type="fig"}), which can likely be explained by the fact that bHLH complexes scan gene promoters to look for E-box sequences in the absence of stabilization of amphipathic helix conformations ([@B46]). No binding was observed in cells transfected with the empty pBABE-neo vector.

![Streptavidin/Biotin assay of DNA bound to the TWIST1/E12 complex, in the case of active TE and BMI or inactive BMID E-box sequences. Streptavidin/Biotin assay using the TWIST1 antibody. Western blot showing the TE complex bound to various E-boxes, namely the TE-box, the BMI-box, and the BMID-box. The TE dimer was extracted from cells transfected with the TE pBABE vector. The empty pBABE vector was used as an assay control. The ectopic TE protein is visualized around 99 kDa, while a degraded peptide is observed at ∼37 kDa. A detailed description of the assay is reported in the Materials and Methods section.](gkw334fig5){#F5}

Deciphering of the key elements involved in the binding specificity of the TE complex to various functional E-boxes {#SEC3-2}
-------------------------------------------------------------------------------------------------------------------

Next, we determined whether the MD simulations accurately predicted the binding specificity of the TE dimer to various functional E-box sequences. We, thus, explored how the previously published TE complex ([@B28]) (Figure [1A](#F1){ref-type="fig"}) interacts with modified E-box sequences during the MD simulations. We substituted several bases in the DNA sequence of the TE-box (CATCTG), which was previously described by Firulli to bind with high affinity to heterodimers including to the TE complex ([@B20]), and compared the stabilities of the TE/modified E-box interactions (Figure [1A](#F1){ref-type="fig"}). The modified E-box sequences were as follows: the CACCTG sequence (named E12-box), described to bind to the E12 homodimer ([@B24],[@B35]), the CATATG sequence (named TWIST-box) reported to bind to the TWIST1 homodimer ([@B20],[@B24],[@B47]) and finally the CGTCTG sequence (named D-box) known to bind to a lesser extent to the TE complex ([@B20],[@B48]). We considered interactions with adjacent, conserved and variable bases of the E-box sequences separately.

Overall, we did not observe any major modifications in the positions of the leucine and phenylalanine residues during these MD simulations, suggesting that the establishment of hydrophobic interactions was not modified in the presence of modified E-box sequences (data not shown). In contrast, the stability of the H-bonds created between the asparagine and lysine N125-K145 residues (Figure [6Ai-Aiv](#F6 F6){ref-type="fig"}; [Bi-Bii](#F6){ref-type="fig"}) was completely disrupted in TE simulations bound to the E12- (Figure [6Aii](#F6){ref-type="fig"} and [Bii](#F6){ref-type="fig"}), the TWIST- (Figure [6Aiii](#F6){ref-type="fig"} and [Bii](#F6){ref-type="fig"}) and the D-box sequences (Figure [6Aiv](#F6){ref-type="fig"} and [Bii](#F6){ref-type="fig"}). The H-bond interactions established between the N566-K588 of the E12 protein were conserved, irrespective of the E-box sequence chosen (Figure [6Ai-iv](#F6 F6){ref-type="fig"} and [Bii](#F6){ref-type="fig"}). These findings indicate that the heart of the dimer had a slightly altered stability according to the modified E-box sequence. To further explore the molecular mechanisms underlying this binding specificity, the overall stability of the H-bond interactions was then investigated during *in silico* MD simulations, focusing particularly on interactions occurring with all DNA bases. Total occupancy rates were calculated and revealed that the dimer preferentially bound to the conserved bases of the E-box sequences (Figure [6C](#F6){ref-type="fig"}). However, in the case of the modified E-box sequences, a shift was observed towards adjacent bases, in particular in the D-box with an increase in 90% of H-bond interactions with adjacent bases, confirming a decrease in the DNA binding specificity and the importance of E-box bases in the sequence recognition (Figure [6C](#F6){ref-type="fig"}) ([@B20]). We then identified the residues that created H-bonds with the E-box or with the adjacent ((-1), (+1), (-1\*) and (+1\*)) bases (Figure [6Dii-v](#F6 F6){ref-type="fig"}). We observed that these four bases were close to the heart of the TE complex (Figure [6Di](#F6){ref-type="fig"}), and that H-bond interactions with these bases were evenly distributed between the TWIST1 and E12 proteins during the MD simulations, irrespective of the E-box model studied (Figure [6Dii-v](#F6){ref-type="fig"}). While the H-bond interactions between the adjacent (-1) base and the dimer represented only 2% of the total rate of occupancy during the MD simulations of the TE-box (Figure [6Dii](#F6){ref-type="fig"}), this percentage increased to 16%, 19% and 30% in the case of the E12- (Figure [6Diii](#F6){ref-type="fig"}), TWIST- (Figure [6Div](#F6){ref-type="fig"}) and D-box sequences (Figure [6Dv](#F6){ref-type="fig"}), respectively. The TWIST1 protein being the only one to interact with the adjacent (-1\*) base of the TWIST-box, albeit at a very low rate (1%) (Figure [6Div](#F6){ref-type="fig"}). The shift of these H-bond establishments towards adjacent bases was concomitant with the experimental binding affinities of these E-box sequences (TE-box \<\<\< E12-box ≈ TWIST-box \<\< D-box) (Figure [6Di-v](#F6 F6){ref-type="fig"}) ([@B20],[@B24],[@B47],[@B48]). The pivotal residues were the serine S144 on TWIST1 and the arginine R561 on E12 for the DNA binding function, since they are located at the vicinity of the proximal flanking ((-1) and (-1\*)) bases (Figure [6Di](#F6){ref-type="fig"}). Indeed, S144 is localized at the bottom of the TWIST1 loops, while R561 is present in the C-alpha HLH domain of E12 (Figure [6Di](#F6){ref-type="fig"}). Overall, the stability of the TE dimer binding to modified E-box sequences is dependant of H-bond interactions with ((-1) and (-1\*)) bases.

![Binding of the TE complex to various active and modified E-box sequences, namely the E12-, TWIST- and D-boxes. (**A**) Plots represent the distances (Å) between the asparagine and lysine N125-K145 residues of TWIST1 and the N566-K588 residues of E12 as a function of time (total time = 10 ns, 1 frame per 10 ps) for the four (i) TE, (ii) E12, (iii) TWIST and (iv) D models during the MD simulations. These distances were estimated during the MD simulations using the VMD 1.9.1 software (Graph of Labels Bonds). The lengths of H-bond interactions were represented *via* GraphPad Prism 5: 'smooth, differentiate or integrate curve, with 8 neighbours'. (**B** and **C**) All cumulated occupancy values of the H-bonds were calculated as described in the Materials and Methods section. Briefly, H-bond interactions are assigned a value according to the distance between their atomic donors/acceptors during the time (the 10 ns of the MD)(interactions score 1 if their distance is under 2.10 Å, and 0 if above). Higher occupancy values being obtained for shorter and, therefore, more stable interactions. (SI function: SI(test_logic; value_if_true;value_if_false) with logic test:'\<2.10', value of 1 if true and 0 if false; NB.SI function: NB.SI(range;criterion)). The calculations were carried out using Excel. (**B**) (i) 3D representation of the TE dimer highlighting the position of the interaction between the asparagine and lysine residues N125-K145. (ii) The horizontal bar chart represents the rate of cumulated occupancy of the N125-K145 of TWIST1 and the N566-K588 of E12, in grey and green, respectively, for the four E-box sequences. (**C**) Top, representation of the E-box sequence, with the forward half-site and the reverse complementary half-site in orange and pink, respectively. Table showing the rate of cumulated occupancy of H-bonds established between the TE complex and either adjacent bases, or consensus and variable bases of TE-, E12-, TWIST-, and D-box sequences. The percentage of variation compared to the TE-box is reported in brackets. (**D**) (i) 3D *in silico* representation of the TE complex bound to DNA. The proximal flanking ((-1) and (-1\*)) and first ((+1\*) and (+1\*)) bases of the E-box are represented in green and grey VDW, respectively. The serine S144 and arginine R561 residues are highlighted in magenta and orange, respectively. (ii-v) The pie charts show the percentages of cumulated occupancy of H-bonds established between residues of TWIST1 (grey) and E12 (green) and DNA bases during the (ii) TE-, (iii) E12-, (iv) TWIST- and (v) D-box MD simulations. Occupancies of H-bonds established with the proximal flanking ((-1) and (-1\*)) bases are represented in yellow, while the bar charts highlight the exact residues binding to those bases. The H-bonds established with the first consensus ((+1) and (+1\*)) bases of the E-box are represented in grey and green for the TWIST1 and the E12 residues, respectively.](gkw334fig6){#F6}

The analysis of the distribution of the specific H-bond interactions between all of the conserved or adjacent bases with the dimer, confirmed the predominant binding to the active E-box sequences compared to adjacent bases in all four models (Figure [7A](#F7){ref-type="fig"}). Surprisingly, the cumulated specific H-bond interactions in the D-box model were higher than the others (Figure [7A](#F7){ref-type="fig"}). In order to unravel this phenomenon, we studied the distribution of specific H-bonds with all of the bases. This binding was principally observed between the dimer and the conserved E-box bases with rates of cumulated occupancies of 65%, 77%, 69% and 100% in the case of the TE- (Figure [7Bi](#F7){ref-type="fig"}), E12- (Figure [7Bii](#F7){ref-type="fig"}), D- (Figure [7Biii](#F7){ref-type="fig"}) and TWIST-boxes (Figure [7Biv](#F7){ref-type="fig"}), respectively. The TE complex created close contacts and specific interactions with the four ((+1), (+1\*), (+3) and (+4\*)) bases in the TE-box (Figure [7Bi](#F7){ref-type="fig"}, [Ci](#F7){ref-type="fig"} and [Di](#F7){ref-type="fig"}). These interactions mainly relied on the binding of the glutamic acid residue E117 of TWIST1 and the glutamic acid residue E558 of E12 to the conserved and functional Cytosine ((+1\*) and (+1)), driving the E-box recognition (Figure [7Bi-Biv](#F7){ref-type="fig"}), as well as the binding of the arginine residue R118 of TWIST1 and the glutamic acid residue E558 of E12 to the conserved ((+3) and (+4\*)) bases (Figure [7Bi](#F7){ref-type="fig"}). These residues, therefore, contributed to the binding specificity of the dimer to the E-box sequence. In the modified models, the H-bond interactions established between the glutamic acid residue E117 of TWIST1 and the (+1\*) base were partially preserved, while those between the (+4\*) base and the glutamic acid residue E558 of E12 were completely lost (Figure [7B-D](#F7 F7){ref-type="fig"}). Furthermore, in these models a clear shift towards the conserved (+1) base was observed, particularly in the TWIST-box simulation (Figure [7Biv](#F7){ref-type="fig"}, [Civ](#F7){ref-type="fig"}, [Div](#F7){ref-type="fig"}), which may explain the low specificity of the TE heterodimer for this box.

![Predictive functional effect of base substitutions of E-box sequences on the H-bond establishment between the TE complex and DNA. (**A** and **B**) All cumulated occupancy values of the H-bonds were calculated as described in the Materials and Methods section. Briefly, H-bond interactions are assigned a value according to the distance between their atomic donors/acceptors during the time (the 10 ns of the MD)(interactions score 1 if their distance is under 2.10 Å, and 0 if above). Higher occupancy values being obtained for shorter and, therefore, more stable interactions. (SI function: SI(test_logic; value_if_true;value_if_false) with logic test:'\<2.10', value of 1 if true and 0 if false; NB.SI function: NB.SI(range;criterion)). The calculations were carried out using Excel. (**A**) Bar chart showing the rate of cumulated occupancy of the 'specific' H-bonds (see Figure [2D](#F2){ref-type="fig"}) established between E12 (green) and TWIST1 (grey) and adjacent bases (stippling) or E-box sequences (solid colouring). The values are given for the four E-box models (TE-, E12-, TWIST-, and D-box sequences). (**B**-**D**) Pie-charts depicting the percentages of cumulated occupancy of 'specific' H-bonds established between specific residues of the TE complex and variable (pink) or conserved (grey) bases of the E-box sequences, during MD simulations of the (Bi) TE-, (Bii) E12-, (Biii) D- and (Biv) TWIST-models. The bar charts highlight the specific residue interactions with conserved Cytosine ((+1) and (+1\*)) bases. The 3D representations show the positions of the TE complex in the DNA groove of the various (Ci) TE-, (Cii) E12-, (Ciii) D- and (Civ) TWIST-box sequences. The glutamic acid residue E558 of the E12 protein and the arginine R118 and E117 of the TWIST1 protein are represented in green and grey CPK shapes, respectively. The red arrows point to the major H-bond interactions of the TE complex with bases of the DNA groove, according to the DNA base substitutions listed opposite. Active bases in the (Di) TE-box: Cytosine ((+1) and (+1\*)), Thymine (+3) and Adenine (+4\*) bases (purple), (Dii) E12-box: Cytosine ((+1), (+4) and (+1\*)) bases (pink), (Diii) D-box Cytosine ((+1), (+4) and (+1\*)) and Adenine (+2\*) bases (orange), and (Div) TWIST-box: Cytosine ((+1) and (+1\*)) bases (green).](gkw334fig7){#F7}

Interestingly, in the functional TE simulations, specific H-bonds established between Cytosine (+1) and E558, and between Cytosine (+1\*) and E117, were conserved in all of the simulations (Figure [7Bi](#F7){ref-type="fig"}). Of note, in the TE-box and E12-box simulations, numerous additional specific H-bond interactions were established between TE residues and the (+3) and (+4\*) variable bases of E-box sequences (represented in pink, Figure [7Bi](#F7){ref-type="fig"} and [7Biii](#F7){ref-type="fig"}). In contrast, the H-bond interactions established with central variable bases were partially disrupted in TWIST-box simulations (Figure [7Biv](#F7){ref-type="fig"} and [Civ](#F7){ref-type="fig"}). There was, however, a clear shift towards the conserved base in the D-box and TWIST-box simulations (Figure [7Ciii](#F7){ref-type="fig"}). The 3D representations of the position of these H-bond interactions showed the binding of the TE-complex to different areas of the DNA groove (Figure [7Di-Div](#F7){ref-type="fig"}). During the TE MD simulations, these H-bond interactions occurred in four areas and acted as anchors allowing the specific recognition of the E-box sequence (Figure [7Di](#F7){ref-type="fig"}). Specific H-bond interactions with conserved central bases were partially lost, during the modified E12- and D-box simulations, with only three (Figure [7Diii](#F7){ref-type="fig"}) and two (Figure [7Div](#F7){ref-type="fig"}) areas of interactions remaining, respectively, resulting in a less stable anchoring of the dimer. The *in vitro* experiments conducted in parallel using the Streptavidin/Biotin binding assay, corroborated these *in silico* findings (Figure [8](#F8){ref-type="fig"}). Indeed, the binding of the TE complex to the TE-box probes was stronger than that obtained with E12-box, TWIST-box and D-box probes. Moreover, the residual signal observed when using the degenerate BMID-box probe confirmed that the modified boxes were truly active (Figure [8](#F8){ref-type="fig"}). This result was further confirmed by running a blot using the E12 antibody, instead of the TWIST1 antibody (Figure [11C](#F11){ref-type="fig"}). These findings highlight the functional importance of the variable bases of the E-boxes. The correlation obtained between the *in silico* prediction and the *in vitro* findings could lead to the screening of gene promoters in order to cluster targeted genes according to the E-box sequences they contain.

![Streptavidin/Biotin assay of DNA bound to TE complex, in the case of modified E-box sequences. Streptavidin/Biotin assay using the TWIST1 antibody. Western blot showing the TE complex bound to various E-boxes, namely the TE-box, the E12-box, the D-box, the TWIST-box, as well as to the degenerate BMID-box. The TE dimer was extracted from cells transfected with the TE pBABE vector. The empty pBABE vector was used as an assay control. The ectopic TE protein is visualized around 99 kDa, while a degraded peptide is observed at ∼37 kDa. A detailed description of the assay is reported in the Materials and Methods section.](gkw334fig8){#F8}

Prediction of the contribution of the flanking proximal bases to the recognition of the E-box sequence {#SEC3-3}
------------------------------------------------------------------------------------------------------

Having studied both the impact of using active *versus* inactive box-sequences and non-modified *versus* modified active box sequences on the binding of the TE complex, we next focused on the contribution of adjacent bases to its binding affinity. Indeed, following a study on the influence of proximal flanking sequences on E-box recognition by bHLH dimers ([@B49]), and in light of our own findings (see sections above), we investigated the contribution of the ((-1) and (-1\*)) adjacent bases to the binding affinity of the TE-complex during MD simulations. We then exchanged the proximal flanking Cytosine (-1), Guanine (+7), Cytosine (-1\*) and Guanine (+7\*) bases by Adenine (-1), Thymine (+7), Adenine (-1\*) and Thymine (+7\*) in the AT-box, respectively, and proceeded to the opposite substitutions for the TA-box (Figure [1A](#F1){ref-type="fig"}, Figure [2Bii](#F2){ref-type="fig"} and Figure [9Aii](#F9){ref-type="fig"}).

![Predictive functional effect of the substitution of the proximal adjacent bases on the binding of the TE complex to DNA. (**A**) (i) Chemical structure of the purine and pyrimidine bases, showing the aromatic rings. (ii) The table depicts the base substitution generated in the TE-box, resulting in the TA- and AT-boxes. The latter substitutions led to the presence of two aromatic rings in the crucial ((-1) and (-1\*)) base locations. (iii) The 3D representation of the TE complex (grey ribbon) in the DNA groove highlighting the location of the ((-1) and (-1\*)) and ((+1) and (+1\*)) base pairs in solid grey and green, respectively. (**B**) (i) *in silico* 3D model of the TWIST1 (grey ribbon)/E12 (green ribbon) dimer bound to DNA (white ribbon). Serine S144 and arginine R561 residues are shown in solid grey and green colouring, respectively, while CPK representation is used to highlight the first adjacent base of the E-box. (ii-iii) Plots representing the distances (Å) between residues and the (-1) base of the E-box sequences according to time (total time = 10 ns, 1 frame per 10 ps), focusing on (ii) S144 and (-1) base interactions, and (iii) R561 and (-1) base interactions, for all of the TE-box (in blue), TA-box (in green) and AT-box models (in purple). These distances were estimated during the MD simulations using the VMD 1.9.1 software (Graph of Labels Bonds). The lengths of H-bond interactions were represented *via* GraphPad Prism 5: 'smooth, differentiate or integrate curve, with 8 neighbours'. (**C** and **D**) All cumulated occupancy values of the H-bonds were calculated as described in the Materials and Methods section. Briefly, H-bond interactions are assigned a value according to the distance between their atomic donors/acceptors during the time (the 10 ns of the MD) (interactions score 1 if their distance is under 2.10 Å, and 0 if above). Higher occupancy values being obtained for shorter and, therefore, more stable interactions. (SI function: SI(test_logic; value_if_true;value_if_false) with logic test:'\<2.10', value of 1 if true and 0 if false; NB.SI function: NB.SI(range;criterion)). The calculations were carried out using Excel. (**C**) Pie-charts representing the percentages of cumulated occupancy of H-bonds established between residues of the TWIST1 (grey) and E12 (green) proteins and ((-1), (-1\*), (+1) and (+1\*)) bases. Percentage occupancies of H-bonds established with ((-1) and (-1\*)) bases are represented in yellow, the bar charts highlight the exact residues interacting with these bases, in the (i) TE-, (ii) TA-, and (iii) AT-models. (**D**) Plots representing the distances (Å) between (i) N125-K145 residues of TWIST1, and (ii) N566-K588 residues of E12 as a function of time (total time = 10 ns, 1 frame per 10 ps), during TE- (in blue), TA- (in green) and AT-box (in purple) simulations. These distances were estimated during the MD simulations using the VMD 1.9.1 software (Graph of Labels Bonds). The lengths of H-bond interactions were represented *via* GraphPad Prism 5: 'smooth, differentiate or integrate curve, with eight neighbours'. (iii) The horizontal bar chart shows the rate of cumulated occupancy of the interactions between the N125-K145 residue pairs of TWIST1 (in grey) and the N566-K588 residue pairs of E12 (in green) for each of the TE-, TA- and AT-box models.](gkw334fig9){#F9}

The critical S144 (TWIST1) and R561 (E12) residues (described in the previous section) were localized close to the ((-1) and (-1\*)) substituted bases (Figure [6Di](#F6){ref-type="fig"} and [9Aiii](#F9){ref-type="fig"}). In the modified TE-box sequences, and particularly in the case of the AT-box, base substitutions led to the presence of two aromatic rings, namely an Adenine (-1) and a Guanine (-1\*), in these critical base locations (Figure [9Ai](#F9){ref-type="fig"} and [Aii](#F9){ref-type="fig"}). These aromatic double rings have a higher molecular volume compared to the Thymine and Cytosine bases, which likely modifies the H-bond interactions at the interface of the DNA and the TE complex. Indeed, the aromatic rings on the Adenine ((-1) and (-1\*)) bases strongly contributed to the stability of H-bond interactions with neighbouring S144 and R561 (Figure [9Bi](#F9){ref-type="fig"} and [Biii](#F9){ref-type="fig"}) residues during the AT-box simulation. Furthermore, in the case of this model, of the 28% H-bond interactions occurring with adjacent bases, 3% were associated with the Adenine (-1\*) base (Figure [9Ciii](#F9){ref-type="fig"}), whereas these interactions were non-existent in the 10% and in the 2% of adjacent H-bond interactions established in the TA-box (Figure [9Cii](#F9){ref-type="fig"}) and TE-box simulations (Figure [9Ci](#F9){ref-type="fig"}), respectively. These interactions with the flanking Adenine ((-1) and (-1\*)) bases likely contributed to stabilizing the H-bond interactions with adjacent sequences. They had a detrimental effect on the H-bond interaction between the N125-K145 residue pair of the TWIST1 protein that are at heart of the dimer, which may have resulted in a decrease in the stability and affinity of the TE complex for the TE-box (Figure [9Di](#F9){ref-type="fig"} and [Diii](#F9){ref-type="fig"}). The H-bonds created between the asparagine and lysine N125-K145 residues were partially and completely disrupted in TA- and AT-box simulations, respectively, while the H-bond interactions occurring in the N566-K588 residue pair remained stable in all three models (Figure [9Di-iii](#F9){ref-type="fig"}). These findings indicate that the heart of the dimer had an altered stability according to the proximal flanking base included in the models. Overall our findings demonstrate that the stability of the H-bonds established between residues of the TE complex and adjacent ((-1) and (-1\*)) bases is higher during the molecular dynamics of the TA- and AT-box simulations compared to the TE simulation, and that it strongly impacts the establishment of a stable H-bond interaction between the N125-K145 residue pair of TWIST1. In conclusion, to screen gene-targets of the TE complex, the flanking proximal bases should be taken into account, since they modulate the function of key residues, such as K145. The latter is reported as a mutation of TWIST1, linked to the SCS syndrome.

When examining the rate of cumulated occupancy of H-bond interactions between the dimer and E-box sequences, taking into account all of the adjacent bases and not only the ((-1) and (-1\*)) bases, the AT- and TA-box simulations displayed higher rates of binding with adjacent bases, with 82% and 32%, respectively, compared to the TE-box (Figure [10A](#F10){ref-type="fig"}). Moreover, a decrease (by 21%) in the rate of cumulated occupancies of H-bond interactions with central bases of the TA-box was observed (Figure [10A](#F10){ref-type="fig"}). To identify key structural modifications in altered MD simulations, we then studied the specific H-bond interactions (as defined in Figure [2D](#F2){ref-type="fig"}) focusing on the variable and conserved bases, in particular ((+1) and (+1\*)) bases (Figure [10Bi](#F10){ref-type="fig"}). While specific H-bond interactions with variable ((+3), (+4), (+3\*) and (+4\*)) bases represented 32% of all of the interactions with the TE-box sequence (Figure [10Bii](#F10){ref-type="fig"}), these were largely redistributed to the conserved ((+1) and (+1\*)) bases in the AT- (Figure [9Biii](#F9){ref-type="fig"}) and TA-box simulations (Figure [10Biv](#F10){ref-type="fig"}). These data denote a decrease in the interactions with central bases in the TA-box simulation, which are highly involved in the specific recognition of the E-box by the TE complex. These findings were confirmed using the Streptavidin/Biotin assay, since the binding of TE complex to the TE-box probe was stronger than the binding obtained with AT-box and TA-box probes (Figure [10C](#F10){ref-type="fig"}). The altered TE binding to these modified E-boxes is in agreement with Chip experiments, in which authors observed a clear decease in the binding of the yeast Tye7 and Cbf1 bHLH to a functional E-box, by modifying the flanking proximal sequence ([@B49]). In conclusion, these findings confirmed the critical function of the flanking proximal bases in the binding of the TE complex to DNA. Furthermore, the MD simulations were able to predict and identify the molecular mechanism of TE complex binding on these modified DNA sequences.

![Prediction of the impact of proximal adjacent base substitutions on the specific interactions of the TE complex with E-box sequences. (**A** and **B**) All cumulated occupancy values of the H-bonds were calculated as described in the Materials and Methods section. Briefly, H-bond interactions are assigned a value according to the distance between their atomic donors/acceptors during the time (the 10 ns of the MD)(interactions score 1 if their distance is under 2.10 Å, and 0 if above). Higher occupancy values being obtained for shorter and, therefore, more stable interactions. (SI function: SI(test_logic; value_if_true;value_if_false) with logic test:'\<2.10', value of 1 if true and 0 if false; NB.SI function: NB.SI(range;criterion)). The calculations were carried out using Excel. (**A**) Table showing the rate of cumulated occupancy of H-bonds established between the TE complex and either adjacent bases, or consensus and variable bases of TE-, AT-, and TA-box sequences. The percentage of variation compared to TE-box is reported in brackets. (**B**) (i) 3D representation showing the position of the TE complex in the DNA groove. The TWIST1 and E12 dimers are represented in grey and green ribbons, respectively, while the variable base interactions, close to the ((+1) and (+1\*)) bases, are shown in magenta CPK representations. (ii-iv) Pie-charts representing the percentage of cumulated occupancies of specific H-bonds established between the TE complex and either conserved (grey) or variable (magenta) bases. The bar charts highlight the exact residues interacting with the conserved ((+1) and (+1\*)) bases, in the (ii) TE-, (iii) TA-, and (iv) AT-models. (C) Streptavidin/Biotin assay using the TWIST1 antibody. Western blot showing the TE complex bound to various E-boxes, namely the TE-box, the AT-box, and the TA-box. The TE dimer was extracted from cells transfected with the TE pBABE vector. The empty pBABE vector was used as an assay control. The weaker intensity of the signal was due to an unintentional shorter exposure-time of the radiographic film. The ectopic TE protein is visualized around 99 kDa, while a degraded peptide is observed at ∼37 kDa. A detailed description of the assay is reported in the Materials and Methods section.](gkw334fig10){#F10}

DISCUSSION {#SEC4}
==========

Our study provides an original proof that the *in silico* approach we used to determine the impact of base mutations on the binding of the oncogenic TE complex to E-box sequences, during MD simulations, could accurately predict the functional binding affinity of the dimer. We first addressed the molecular role of the arginine R118, serine S144 and lysine K145 residues of TWIST1. Several variants of the TWIST1 protein have been found in patients suffering from TWIST1 haplo-insufficiency. This is the case for example in patients with SCS syndrome, where TWIST1 mutations occur in the R118H/Q/C (arginine118histidine/glutamine/cysteine), R120P (arginine120proline), S144R, and K145E/Q residues ([@B30],[@B32],[@B50]). These variations may modify the binding affinity of TWIST1 with the E-box sequences during the developmental process leading to SCS syndrome ([@B32],[@B53],[@B54]). A previous study using similar MD simulations focusing on the effect of structural changes between wild-type *versus* three alterations in the R118C, S144R and K145 residues, showed an increase in the instability of the mutated dimers ([@B29]). In the present work, we completed this study by showing that the H-bond interactions between the N125-K145 residue pair is an important element involved in stabilizing the structure of the heart of the TE dimer, enabling the establishment of specific H-bonds of R118 of TWIST1 and E558 of E12 with central variable bases of the E-box sequence. We also highlighted the crucial function of R118 and E558 in the recognition and binding specificity, since we observed that the higher the affinity between the TE complex and the E-box, the greater the specific H-bond interactions between R118 and E558 residues and central variable bases of the E-box (Figure [7](#F7){ref-type="fig"}). The third S144 residue, close to the hydroxyl group, is also involved in the anchoring of the TE dimer (i) to E-box sequences with low binding affinity or (ii) when the flanking proximal bases are modified. By doing so, it appears to compensate for the low binding specificity to such sequences. Overall, we showed that these residues are differentially involved in H-bond interactions and likely participate in the diverse functions of the TWIST1 complexes.

Our work clearly demonstrated that the MD simulations allowed us to differentiate active and inactive E-box sequences, and revealed the critical role of the consensus ((+1) and (+1\*)) bases in the E-box recognition process. The affinity of TE complex for an E-box is partially defined by the specific H-bond interactions between residues and DNA bases. We determined their localization and uncovered their role in stabilizing the binding of TE complex to various active and modified E-box sequences during MD simulations. We found that specific H-bond interactions are principally established with the ((+1) or (+1\*)) bases of the half-sites of the active E-box sequences. This was clearly reduced in the MD simulation of the inactive BMID model, confirming the pivotal function of these consensus Cytosine ((+1) and (+1\*)) in E-box recognition by bHLH complexes. Indeed, the substitution of Cytosine to Thymine in BMID sequence was sufficient to impair the interaction between the E-box sequence and the bHLH complex ([@B42],[@B55]) as shown by the loss of E558-(+1) specific H-bonds during the dynamic simulation of BMID simulation. These *in silico* findings were supported by *in vitro* data, in which the binding of the TE complex was higher in the TE- and BMI-boxes, while only a residual signal was observed in the negative control and in the BMID-box (Figure [5](#F5){ref-type="fig"}). Our predictions are in agreement with previously published biochemical findings ([@B42]), which demonstrated the ability of different TWIST1 complexes to bind various E-box sequences using EMSA assays, and measured the transactivation function of these complexes using reporter gene assays. These studies found that the higher the affinity between the TE-box and the TE complex, the stronger the binding ([@B20],[@B24],[@B42],[@B47],[@B48],[@B55]). In the present study, this observation was verified for different complexes, since we also obtained a stronger binding between the TWIST1/TWIST1 homodimer and the TWIST-box using the TWIST1 antibody (Figure [11A](#F11){ref-type="fig"}), and between the E12/E12 homodimer and the E12-box using the E12 antibody (Figure [11B](#F11){ref-type="fig"}).

![Streptavidin/Biotin assay of the tethered TWIST1/TWIST1 dimer or of the E12 protein. (**A**) Streptavidin/Biotin assay using the TWIST1 antibody. Western blot showing the TT and E12 complexes bound to various E-boxes, namely the TE-box, the E12-box, the TWIST-box, the D-box and the BMID-box. The proteins were extracted from cells transfected either with the TT pBABE vector or E12 pBABE vector. The ectopic TT protein is visualized around 49 kDa. The E12 protein was not detected using this antibody. A detailed description of the assay is reported in the Materials and Methods section. (**B**) Streptavidin/Biotin assay using the E12 antibody. Western blot showing the TT and E12 complexes bound to various E-boxes, namely the TE-box, the E12-box, the TWIST-box, the D-box and the BMID-box. The TT and E12/E12 dimers, as well as the E12 proteins were extracted from cells transfected either with the TT pBABE vector or E12 pBABE vector. The ectopic E12 protein is visualized around 73 kDa and the E12-E12 dimer appears at ∼147 kDa. For the ectopic E12 monomer, we can observe a double band (E12 corresponds to the highest one). The TT dimer was not detected using this antibody. A detailed description of the assay is reported in the Materials and Methods section. (**C**) Streptavidin/Biotin assay using the E12 antibody. Western blot showing the TE complex bound to various E-box sequences, namely the TE-box, the E12-box, the TWIST-box, the D-box and the BMID-box. The TE dimer was extracted from cells transfected with the TE pBABE vector. The empty pBABE vector served as an assay control. The ectopic TE protein is visualized around 99 kDa as a double-band (TE correspond to the highest one), while a degraded peptide is observed at ∼37 kDa. A detailed description of the assay is reported in the Materials and Methods section.](gkw334fig11){#F11}

We also evaluated whether our MD simulations were able to predict the degree of affinity of E-box sequences, by studying the distribution of specific H-bonds established inside various E-box sequences with modified central or variable bases. We observed a shift in the specific interactions to conserved bases of the E-box and a decrease in the binding affinity of the TE-complex in Streptavidin/Biotin assays (TE-box \<\<\< E12-box ≈ TWIST-box \<\< D-box). The pivotal function of the variable third base of the half-site of the E-box was highlighted, since the substitution of the complementary half-site CAG by the CAT sequence of TWIST-box abolished the specific H-bond interactions between the TE complex and the TWIST-box sequence. The half-site CGT of the D-box and CAC of the E12-box were, however, still recognized by TWIST1 ([@B20],[@B24]). This is supported by the fact that the CAC half-site is specific to the E12 homodimers and its specificity is decreased in the TE heterodimers, while CAT and CAG half-sites are normally recognized with high affinity by the TE complex ([@B24]). These findings are in agreement with the *in vitro* Streptavidin/Biotin assays conducted with the TE heterodimer, and the TWIST1 and E12 homodimers (Figure [11](#F11){ref-type="fig"}). In the present study, we clearly highlighted a redistribution of the specific H-bonds during the simulations according to the biological binding affinity of the TE complex to a given E-box sequence, with central variable bases of the E-box largely contributing to the TE complex binding specificity. Overall, this *in silico* approach may provide a valuable predictive tool to select E-box sequences with flanking proximal sequences with a higher probability of binding affinity to the TE complex. Lastly, it will enable the screening of gene promoters for highly specific E-box sequences in order to establish a clustering of targeted gene sets. Such an approach may also be applicable to other proteins (or complexes) bound to their ligands. Furthermore, the identification of a specific interaction between the oncogenic TE complex and a distinct E-box sequence could lead to the determination of a putative pro-oncogenic signature.

To summarize our findings and based on Sauve\'s model ([@B46]), we described three different states of binding of the bHLH complex to functional and degenerate E-box sequences based on molecular dynamics simulations. The first conformation is represented by the TE-box dynamics simulation, in which specific H-bond interactions are established with the variable bases of the E-box (Figure [12](#F12){ref-type="fig"}). This 'ideal' conformational state favours stability and complete transactivation of the TE complex. The second or 'intermediate' conformation includes all of the active, modified E-box sequences, which are not highly specific for the TE complex. Although, these sequences are recognized (Figure [7B](#F7){ref-type="fig"}) by the TE complex, the binding specificity and efficiency to these BMI-, E12-, D- and TWIST-boxes is not ideal (Figure [12](#F12){ref-type="fig"}). The third state is a non-specific conformation that enables the TE complex to scan DNA to look for E-box sequences. This state is, represented by the BMID simulation. In this context, only the specific E117-(+1\*) interaction is preserved and a shift of the interactions towards adjacent bases of the E-box sequence occurs. The *in vitro* binding also decreases, since the binding affinity is partially impaired. This strongly suggests that there is an increase in the binding flexibility of the TE complex to DNA, allowing the proper promoter scanning function (Figure [12](#F12){ref-type="fig"}).

![Synopsis of the three conformational states of the TE complex bound to the E-box sequences based on Sauve\'s model. Three protein structures are depicted on this diagram. The first state, represented by TE-box simulation, demonstrates the complete stabilization of the alpha-helical conformation of the basic region. The second state, represented by BMI-box, E12-box, TWIST-box and D-box simulations, shows the partial stabilization of the alpha-helical conformation of the basic region. The third state, represented by BMID-box simulation, reveals that there is no stabilization of the alpha-helical conformation of the basic region.](gkw334fig12){#F12}

In conclusion, our study is a proof of concept of the predictive value of these molecular modeling approaches on deciphering molecular mechanisms underlying the binding of the putative oncogenic TE form to E-box sequences. In the future, it may be possible to identify specific transcriptional signatures according to the TWIST1 heterodimers generated, for example TWIST1/E2A *versus* TWIST1/TWIST1 or TWIST1/HANDs, and to their E-box binding specificities. Furthermore, these validated *in silico* models of the TE complex may contribute to the characterization of specific inhibitors by docking approaches of the putative oncogenic form of TE complex targeting the heart of the dimer. This could be used in the future for developing and testing pharmacological TWIST1/E12 blocking molecules by *in silico* docking prior to *in vitro* or *in vivo* studies.
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